Coral bleaching events threaten the sustainability of the Great Barrier Reef (GBR). Here we show that bleaching events of the past three decades have been mitigated by induced thermal tolerance of reef-building corals, and this protective mechanism is likely to be lost under near-future climate change scenarios. We show that 75% of past thermal stress events have been characterized by a temperature trajectory that subjects corals to a protective, sub-bleaching stress, before reaching temperatures that cause bleaching. Such conditions confer thermal tolerance, decreasing coral cell mortality and symbiont loss during bleaching by over 50%. We find that near-future increases in local temperature of as little as 0.5°C result in this protective mechanism being lost, which may increase the rate of degradation of the GBR.
I
n the past three decades, bleaching events have caused reef-wide declines in coral across the Great Barrier Reef (GBR) (1) . Coral bleaching is a stress response that results in the loss of intracellular symbiotic dinoflagellates (Symbiodinium) and/or their photosynthetic pigments; on a broad spatial scale, bleaching results from extended warm periods (1) . The frequency and intensity of such bleaching events are expected to increase as sea surface temperature (SST) continues to rise under climate change (2, 3) . Acclimatization and adaptation to future temperature conditions have been suggested as mechanisms by which corals may withstand increasing SST, reducing the severity of coral bleaching and ameliorating mortality (4) (5) (6) . Although the extent of adaptation remains uncertain (7), processes of acclimatization have been studied empirically. An important driver of thermal acclimatization in any organism is the variance of temperature to which it is exposed (8) . Sub-lethal pre-stress events reset physiological and molecular mechanisms that underpin the innate stress response, and provide a means to survive subsequent stress events (9) . However, the influence of pre-stress events on thermal tolerance is not well understood in marine ecosystems. Here we show that such pre-stress events do occur on the GBR and serve to increase physiological preparation for the intense thermal stress that results in coral bleaching. We provide experimental evidence to show that this mechanism has probably reduced the impact of historical bleaching events, and we predict that such protective pre-stress events could disappear within a few decades.
To quantify the thermal regimes that GBR corals have experienced, we examined 27 years of satellite-based SST records (at a resolution of 0.5°) and found that 372 thermal stress events, capable of causing bleaching, occurred across 115 reef pixels (10). We identified three thermal trajectories associated with past bleaching events, The black line represents diurnal temperature variation; the colored lines reflect the nighttime-only satellite data. The pre-stress period (PS) is the duration of the pre-stress pulse exceeding the MMM; the recovery period (RP) is the duration below the MMM after the pulse. The horizontal axis spans 90 days. (B) The predominant trajectory for each reef pixel (n = 115) is shown by color as for (A), except that green shows equal incidence of repetitive and protective trajectories (no pixels were predominated by the repetitive trajectory). Black pixels indicate that the local bleaching threshold (MMM+2°C) was never reached.The histogram (inset) shows the frequency of the predominant trajectories for reef pixels (table S2) .
characterized by the presence and intensity of a pre-stress (sub-bleaching) warming period (Fig.  1A and fig. S1 ). Warming events were quantified relative to two thresholds: (i) the long-term maximum monthly mean (MMM) temperature, which sets a baseline from which warming can be identified; and (ii) the local coral bleaching threshold (MMM+2°C) (11) . The predominant trajectory, accounting for 75% of thermal stress events (n = 277), was characterized by an SST event that exceeded the local MMM but remained below the bleaching threshold. The SST then returned below the MMM, for an average recovery period of 10 days, before increasing above the local bleaching threshold (Fig. 1A and table S1); we term this the protective trajectory. The second trajectory was characterized by a direct SST increase from below the MMM to exceed the local bleaching threshold, with no pre-stress or recovery period. This trajectory, which we term the single bleaching trajectory, occurred in 20% (n = 77) of thermal stress events (Fig. 1, A and B) . The final trajectory exceeded the local bleaching threshold in two peaks, separated by an average recovery period of 9 days below the local MMM (Fig. 1, A and B, and table S1). We term this the repetitive bleaching trajectory, and it accounted for 5% (n = 18) of identified thermal stress events on the GBR (Fig. 1B) .
Having identified three thermal trajectories in situ, we studied the physiological response of corals to each temperature trajectory under experimental conditions, using the model species Acropora aspera (10). Corals exposed to the protective trajectory underwent characteristic alterations (12) (13) (14) (15) of the symbiotic organisms' photochemistry and heat stress responses that led to the acquisition of thermal tolerance and reduced bleaching and coral cell death (Fig. 2) . Cell death is a conserved response to thermal stress and represents the cellular driver of partialand whole-colony mortality (16) . Using a multivariate analysis, we showed that the different temperature trajectories result in distinct expression profiles of stress-related genes during coral bleaching ( Fig. 2A and tables S7 and S8). Specifically, the gene expression of corals under the protective trajectory differed significantly from that under both the single bleaching (P = 0.03) and repetitive bleaching (P = 0.02) trajectories, and was more similar to that found in corals not exposed to thermal stress ( Fig. 2A) . Gene expression in the single bleaching and repetitive bleaching trajectories was indistinguishable (P = 0.422). These gene expression profiles were associated with lower levels of localized cell death under the protective trajectory (30 ± 4% of cells) than either the single bleaching trajectory (56 ± 4%) or repetitive bleaching trajectory (70 ± 2%) ( Fig. 2B, C ). In addition, the extent of bleaching (Symbiodinium loss) was less (P < 0.01) in corals exposed to the protective than either of the other two trajectories (Fig. 2B and table S6 ). In short, corals and their endosymbiotic Symbiodinium acquired thermal tolerance after exposure to the sublethal, pre-stress protective trajectory that has predominated throughout the GBR over the past 27 years. However, corals experiencing the single bleaching and repetitive bleaching trajectories did not acquire thermal tolerance, which resulted in poorer physiological outcomes and a greater loss of symbionts and coral tissue during coral bleaching.
Given that sea temperatures are steadily rising, an obvious concern is that the sub-bleaching temperature event of the protective trajectory could eventually exceed the bleaching threshold, switching events from being protective to becoming increasingly lethal. To examine how climate change is projected to alter our three bleaching trajectories, we applied temperature offsets to the observed 27-year time series of SST (10), which implicitly incorporates spatially variable interannual variation and ENSO events (Fig. 3 , A to T). We took this approach because climate model predictions are incapable of resolving meaningful spatial variation in the rate of warming across the GBR (17) . This approach was validated by the correlation between historical annual maximum SST and summer-average SST [linear regression slope = 0.98, coefficient of determination (r 2 ) = 0.82], which supports the hypothesis that all summer temperatures will increase consistently ( fig.  S2) . Moreover, the drivers of SST pulsing (wind speed, solar radiation, and tidal flow; see the supplementary text) are expected to exhibit less than a 2% change by 2100 under most climate models (18) . Our simulations project that if SST increases by +2°C, as could occur by 2100 under current warming trajectories, the number of thermal stress events will increase (Fig. 3, A to E). Within these, the proportion of events benefiting from the protective trajectory falls by two-thirds, from 75% (historical) to only 22% (Fig. 3, F to J) . Concurrently, the proportion of single bleaching trajectory events will increase from 21% (Fig. 3 , K and L) to 71% (Fig. 3, K and O) , implying that thermal stress events become far more lethal for corals. The proportion of repetitive bleaching did not dramatically increase (5 to 7%), but the absolute number increased from 18 to 219 reef pixels experiencing this temperature regime over a 10-year period (Fig. 3 , P to T, and table S2).
We predict that most of the reefs that have only experienced the protective trajectory to date (gray in Fig. 3 , L and Q) will begin to experience the single and repetitive bleaching trajectories when SST is approximately 0.5°C higher than present (Fig. 3, M and R, and insets in H, M, and R), which will be within 4 decades at historical warming rates (19) . The sensitivity of reefs to such warming varies geographically (Fig. 3, H , M, and R). For example, reefs in the southern GBR could experience more single bleaching trajectory events at lower temperature increases than elsewhere on the GBR (Fig. 3, L to O) . Once there is a 1°C increase in SST, the majority of reefs are likely to experience single trajectory bleaching at least once per decade (Fig. 3, D and N) .
The prevalence of an SST trajectory on the GBR that can stimulate thermal tolerance has not previously been recognized, nor has the effect of this induced tolerance on mitigating bleaching events been examined. Acroporid corals, such as A. aspera used here, are some of the most important taxa in driving rapid recovery and resilience in Pacific coral reefs (3). We therefore integrated our experimental results into a validated simulation model for GBR coral communities (3) and evaluated how corals would fare under contrasting emissions scenarios being considered by the Intergovernmental Panel on Climate Change: business-as-usual representative concentration pathway 8.5 (RCP8.5) (20) and a low-carbon economy in which CO 2 concentrations are limited to a peak of 450 parts per million by 2040, RCP2.6 (21) . We used the relative proportions of dead cells within corals that occurred after experimental exposure to the three SST trajectories (Fig. 2B) as a proxy for estimating the extent of coral colony mortality during each type of thermal stress event (10). Under business-asusual (high) carbon emissions, the long-term outlook of reefs was bleak, irrespective of their current thermal trajectory (Fig. 4 , A, C, and E); coral cover became low (<5%) toward the end of the century. However, the protective trajectory delayed the onset of this condition by approximately 20 years, which may yet prove to be evolutionarily significant. Moving to aggressive action to reduce greenhouse gas emissions, the outlook for reefs was far better, particularly on reefs experiencing the protective trajectory, where no net long-term decline was predicted (Fig. 4B) . However, even under aggressive action, coral cover on reefs exposed to the single and repetitive bleaching trajectories will fall below 5% (Fig. 4, D and F) .
Although our ecosystem model now allows for processes of thermal acclimatization, it does not provide for adaptation, mostly because the rates and mechanisms of adaptation in corals remain uncertain (7). Adaptation may mitigate the impact of climate change and improve the chances of coral reef ecosystem recovery (4, 6, (22) (23) (24) .
Reefs of the GBR experience a variety of disturbances, only some of which are subject to management interventions. Our analysis reveals that the exposure to sub-lethal pre-stress events varies dramatically among reefs, with some having an inherent level of "protection from" or "preparedness for" the conditions that induce coral bleaching, whereas others experience multiple stress exposures in a single event. Recognizing such spatial variability is important when targeting management actions that aim to mitigate coral reef degradation in the future. For example, local management interventions that reduce cumulative stress impacts (such as impacts caused by pollution, sedimentation, and crown-of-thorns starfish outbreaks) could be prioritized toward reefs that exhibit protective trajectories, thereby serving to minimize biological and physical stressors simultaneously and helping to build ecosystem resilience. Forest trees compete for light and soil resources, but photoassimilates, once produced in the foliage, are not considered to be exchanged between individuals. Applying stable carbon isotope labeling at the canopy scale, we show that carbon assimilated by 40-metertall spruce is traded over to neighboring beech, larch, and pine via overlapping root spheres. Isotope mixing signals indicate that the interspecific, bidirectional transfer, assisted by common ectomycorrhiza networks, accounted for 40% of the fine root carbon (about 280 kilograms per hectare per year tree-to-tree transfer). Although competition for resources is commonly considered as the dominant tree-to-tree interaction in forests, trees may interact in more complex ways, including substantial carbon exchange.
S table carbon isotope labeling at the canopy scale is a powerful tool for tracing carbon allocation in forest ecosystems (1, 2) . In a dense forest, large quantities of photoassimilates may be exported to mycorrhiza and rhizosphere microbes (3) (4) (5) (6) (7) (8) (9) (10) (11) , and hyphae of mycorrhizal fungi can form "underground highways" for carbon and nutrient exchange with and between plants (9) . It has been suggested that because of the unpredictability of disturbance events and the divergence of responses among plant communities, mycorrhizal fungi and their host plant species are under selective pressure to evolve generality (9, 10). The groups of plants that are interlinked through a common mycorrhizal network are hence termed "guilds" (10). The identity and ensemble of fungal species may affect plant community structure and ecosystem productivity (12, 13) , with mycorrhiza improving plant fitness by increasing phosphorus and nitrogen uptake (14) . As a result, mycorrhizal networks are considered an integral part of the autotrophic system (15, 16) and are essential components in ecosystem resilience to change. Yet, these benefits have traditionally been studied from a nutrient supply perspective, and the mycorrhiza "pipeline" was never shown to transfer considerable amounts (>1 g) of mobile carbon compounds among trees (4-10). In addition to mycorrhizal networks, carbon can be transferred through natural root grafts, which are anatomical fusions between two or more roots. Growth of interconnected trees in situ can be affected directly by the presence of root grafts-for example, by translocation of water and carbohydrates (17) . Transport across root grafts has been demonstrated in numerous field studies using various methods, from dye injection to the use of radioactive tracers (18, 19) , but these grafts are restricted to trees of the same species or, at most, of phylogenetically closely related species (17) (18) (19) (20) .
Using a tall canopy crane (1, 2), we continuously labeled five 40-m-tall Norway spruce trees (Picea abies) as part of a 5-year free-air CO 2 enrichment experiment (FACE) in a mixed forest in northwest Switzerland (3, 21, 22 ) (figs. S1 to S7). Five unlabeled Picea trees served as controls ( fig.  S8 ). We then measured d 13 C from "tip to toe," including canopy twigs, stems, and fine roots of labeled and unlabeled individuals of Picea and of neighboring trees belonging to different taxa (Fagus sylvatica, Pinus sylvestris, and Larix decidua).
Except for the five labeled Picea, none of the trees were exposed to CO 2 labeling. Using industrial, 13 C-depleted CO 2 gas, our canopy labeling made the d (Fig. 1) . New fine roots of labeled Picea, isolated from 90 ingrowth cores (figs. S9 and S10) had 2.6‰ lower d
13 C values than the control trees growing in ambient air (no 13 C label) (Fig. 1) . Almost the same isotopic signal was found among fine roots of similarly tall nonconspecific trees in the neighborhood that were unlabeled and contributed about half of the fine roots recovered from ingrowth cores ( Fig. 2A) . To validate that fine roots of the other taxa were not confused with those of Picea, we excavated roots from Picea (control and labeled) and neighboring tree species and traced them to the trunk of origin (figs. S12 to S14). Again, fine roots of these non-Picea taxa showed a 13 C signal similar to that of their neighboring Picea (either control or labeled) but jointly at a 2.6‰ less negative level when 13 C-labeled Picea was present (Fig. 2B) . Hence, both the rootingrowth-core data (with multiple individuals' input) and the data for intact root systems from three individuals belonging to three different tree genera yielded the same signals. Sapwood d
13
C of the 2010 to 2014 annual rings in stem cores taken at breast height from neighboring and nonneighboring non-Picea trees was -27.8 ± 0.1‰ and -26.9 ± 0.1‰, respectively-still a significant difference (P = 0.019).
Because our FACE system operated in the canopy only (20 to 40 m aboveground), tank CO 2 , and thus the 13 C label, were not present in the understory. This was ascertained first by 13 C signals in understory plants, which are exclusively vesicular-arbuscular mycorrhizal: Paris quadrifolia, Mercurialis perennis, and Rubus fruticosus. d
C values in rhizomes/root stocks from these three species growing under both unlabeled and labeled Picea showed the typical, very negative signals for deep shade plants (from -30.2 to -34.5‰) (fig. S15 ). Besides differences among species, however, there was absolutely no signal difference between samples collected under unlabeled and labeled Picea and no difference between years. Second, we checked the canopy crowns of the trees neighboring the labeled Picea individuals for traces
